C omputer-aided design/computer-aided manufacturing/additive manufacturing (CAD/CAM/ AM) scanning systems have been successfully introduced in dentistry. [1] [2] [3] Researchers have used this technology as a tool for orthodontic diagnosis and treatment planning for determining the position of impacted maxillary canines 4 and for the fabrication of occlusal splints. 5 However, CAD/CAM/AM innovations have not been used successfully on a wide scale for removable orthodontic appliances.
Sassani and Roberts 6 reported that it was possible to use CAD/CAM/AM techniques to build base plates of orthodontic appliances, but they stated that it was not possible to incorporate wires into the built parts. However, in this study, we discuss a method to accomplish this.
The technology mentioned above has been used in orthodontic treatments such as the invisible orthodontic appliance fabricated without metal wires or brackets (Align Technology, Santa Clara, Calif) 7 and in producing customized lingual brackets. 8 Recently, Wiechmann et al 9 used this computer-based technology to make connectors for Herbst appliance hinges to custom lingual brackets, and the authors of a more recent study used this technique for a digital titanium Herbst appliance. 10 Because of the lack of application in general to removable appliances, the aims of this study were to apply new methods of producing dental appliances with wires and hinges by using CAD/CAM/AM based techniques and to evaluate these. Andresen and sleep-apnea appliances were chosen. Although an Andresen appliance is rarely used, it provides a clear illustration for the inclusion of wire into a build that is straightforward. A sleep-apnea device shows where 4 coordinating hinges can be studied. Both devices were produced in a single build.
MATERIAL AND METHODS
Opposing Class II case models suitable to be treated with Andresen and sleep-apnea removable devices were scanned by a hand-held laser sensor (HandyScan 3D; Creaform, L evis, Qu ebec, Canada) (Fig 1) . Laser lines were projected from the scanner onto the surface of each model to produce a 3-dimensional image from a "point cloud." The software automatically transformed the point cloud into a stereolithographic facet file, shown as it appears on a screen (Fig 2) .
The scanner was moved around the casts by hand to produce a clear and complete 3-dimensional surface in STereoLithography (STL), a defacto file type used in AM (Fig 3) , with a minimum of missing data.
The data were processed, and the STL files were generated by using the proprietary scanner software (VX elements, version 2.1; Creaform). The appliances were From Cardiff Metropolitan University, Cardiff, United Kingdom. a Postgraduate research student, School of Health Sciences. designed with specialist CAD software (FreeForm Modeling Plus, version 11; Geo Magics SensAble Group, Wilmington, Mass), in conjunction with a Phantom Desktop (Geo Magics SensAble Group) (haptic) arm (Fig 4) . This apparatus allowed appliances to be "built" on scans of a patient's cast in a virtual environment.
The software enables the design of complex, nongeometric forms and is ideal for designing anatomically based devices. 11 It has various tools to accomplish specific functions. Some tools are used for building, and others are used for trimming and shaping the constructed parts. The Phantom device works as a 3-dimensional mouse because it mimics the work of a dental technician, enabling the design and construction of the appropriate appliances similarly to the conventional method. The operator can feel force feedback sensations during the process.
Before the virtual build, it was necessary to create a Class I molar relationship or achieve this as closely as possible. This relationship was accomplished by posturing the mandible forward, until a Class I molar relationship was obtained and the vertical opening between the opposing premolars was 4 to 5 mm at the lingual cusps.
The labial inclination of the maxillary central incisors was selected as a reference for the "path of insertion" of the appliance onto the upper model. Undercuts on both virtual models were detected and eliminated virtually automatically by using the "extrude-to-plane" tool. The files were then saved as "buck" files, which meant that the models were protected and could not be changed.
The following is a brief description of the design process for each appliance. For the Andresen, a 2-mm layer was applied to the upper and lower models with capping on the mandibular incisors. Palatal coverage was made by selecting the required area with a cursor and offsetting a 2-mm thickness to form the plate. Upper and lower plates extended to the first molars. Capping was 1 mm thick on the mandibular anterior teeth to prevent proclination and overeruption. The thickness of the appliance was set at 2 mm to withstand occlusal forces and patient handling. The virtual material so formed is termed "clay," and it is added and shaped in a similar way to physical wax. It was necessary to add clay in some areas of the appliance to make the surfaces smooth and to form junctions of 2 surfaces continuous to each other. Borders were smoothed.
Finally, the occlusal surfaces of the opposing offset clay areas were connected to produce a 1-piece "monoblock" at the lingual surfaces of the teeth extending to the middle of the occlusal surfaces (Fig 5) .
These blocks were attached to the plates, and the junctions were smoothed with the "sculpting" and "smooth" tools. The middle distances of the blocks were stretched buccally by using the "smudge" tool up to the outline of the buccal surfaces to form a sharp "intermaxillary edge." The blocks were cleared from the mandibular teeth to permit upward and forward eruption (Fig 6) .
To allow wire to be inserted in the physical build, a square section tube (1.25 3 1.25 mm) on either side of the appliance was created. Each tube consisted of 2 parts. The first part was horizontal, 15 mm in length and 1 mm from the lingual walls of the intermaxillary blocks, and was located in the maxillary part with its lower border at the level of the intermaxillary edge. The second part was vertical, projecting into the maxillary part, and 5 mm in length. The first part was at right angles to the second part, and these were connected at a point between the second premolar and the first molar. These tubes were made so that the retentive part of a 0.9-mm hard stainless steel wire labial bow could be inserted, as shown in Figure 7 .
For the wire to be inserted in the tubes of the appliance, it was necessary to build "guiding jigs." Fitting the wire in the guiding jigs before the build ensured that the wire tagging would fit into the appliance during the build.
The guiding jigs (ie, small plastic components around which wire could be bent before the main build) were built from rapid prototype material for the 3D Systems Project 3000 Plus Machine (3D Systems, Rock Hill, SC), which was acrylate based. The jigs were produced by using the "copy" tool to duplicate the upper virtual model in conjunction with the outline of the tubes. Clays were constructed in the space between the model and the level of the tubes (Fig 8, A) . Also, a small amount of clay was added under the tubes to make sure that the wire would not be in contact with the model (Fig 8, B) . This was accomplished by offsetting a 1-mm layer under the tubes by using the "sculpting clay" tool.
The tubes formed spaces along which wire would be bent before insertion in the final device during the build process. Figure 9 shows grooves 1.25 mm deep. Sharp angles were smoothed to facilitate positioning of the wire in the tubes.
Next, the guiding jigs were exported as an STL file to an AM machine (3D Systems Project 3000 Plus Machine) to be built in a new colorless, acrylate-based material (Visijet EX200, 3D Systems).
The wax supporting material was removed by melting in an oven set at 72 C, and an oil bath was used to remove residual wax. A citrus-based degreaser was then used to clean the jigs before they were fitted to the stone models.
The labial bow was bent in the conventional way, and the tagging fitted to the jigs was positioned on the gypsum cast (Fig 10) . The labial bow was constructed from 0.9-mm hard stainless steel wire. The bow extended from canine to canine, touching the labial surfaces of the maxillary incisors and the canines at the mesial third area. From that point on each side, U-loops were formed 1 to 2 mm below the gingivae on both sides. The wire was then passed between the canines and the first premolars to enter the plastic between the occlusal surfaces. The wire tagging followed the tubes formed in the jigs. The horizontal parts of the wire tags were made straight and passively fitted on the jigs.
The next stage was to export the Andresen design to an AM machine as an STL file ready for fabrication in WaterShed XC 11122 (dsm somos; DSM Headquarters, Elgin, Ill).
A stereolithography machine (SLA 250-50; 3D Systems) was chosen for fabrication, since it enables builds to be paused and prefabricated pieces to be inserted and built around. This was necessary for embedding the wires.
Preparation software (Magics; Materialise, Leuven, Belgium) was used to orientate the Andresen design with the recessed section to accommodate the wire set horizontally. The same software was also used to generate support structures that are necessary to attach the part to the build platform. Lightyear (version 1.1; 3D Systems) was used to prepare and slice the build in 0.1-mm layers before transferring the build to the SLA machine. The machine was paused before it reached the top of the tubes to allow insertion of the wire in the correct place and then restarted.
The "zephyr blade" recoating mechanism, which normally sweeps unprocessed liquid from the build surface of the machine, was stopped from sweeping for the 3 layers after insertion of the wire so that the wire was not disturbed during the process. The procedure was continued until building was completed (Fig 11) .
Support structures were removed from the device, and it was cleaned in fresh isopropanol solvent (99% minimum) for 20 minutes, and then dried by using compressed air and ventilated for a further 6 hours. Next, the device was postcured for 30 minutes in ultraviolet light to ensure full polymerization.
The final design is shown in Figure 12 , and the built Andresen fitted to the master model in Figure 13 .
For the sleep-apnea device, the design was built in the virtual environment using FreeForm in combination with a Phantom arm and manufactured using the same process and material used in the "guiding jigs" described above in relation to the Andresen device. In the virtual environment, a 2-mm layer was applied to the upper and lower models and extended along the occlusal and buccal surfaces to approximately 1 mm short of the gingival margins facially to prevent irritation to the gingivae. One millimeter of capping was applied on the 4 incisors to prevent labial inclination (Fig 14) and extended 2 to 3 mm below the palatal and lingual gingival margins. The hinges on both sides connected the maxillary molars to the mandibular canines, and were parallel to allow free rotation. The role of these hinges is to move the mandible forward into the corrected position.
Each bar connected 2 hinges located on the opposing arches. One bar was built on each side to connect the maxillary first molar hinge to the mandibular canine hinge. The 4 hinges were parallel.
Each hinge consisted of 2 parts (Fig 15) . The first part was a circular rod (2.4 mm in length, 3 mm in diameter) and a wide circular "stop" (6 mm in diameter) (Fig 15, A) . The second part was a hollow cylinder with an internal diameter of 3.5 mm and an external diameter of 6 mm, as shown in blue in Figure 15 , B. The 2 parts were separated in all areas to permit rotational freedom of the cylinder around the rod. There was a gap for clearance between sides of the cylinder and the first part. The inner gap was 0.2 mm, and the outer gap was 0.1 mm. The gap between the inner surface of the cylinder and the rod was 0.5 mm. These gaps were filled with wax at the build stage.
Finally, the design was exported as an STL file. A Projet 3000 Plus machine (3D Systems) was chosen to manufacture the sleep-apnea device from a colorless material (Visijet EX200). Fundamentally, the process allows features such as hinges to be fabricated as 1 piece, with the wax melted away to free the mechanism once produced. The Projet process can also build extremely fine detail (656 3 656 3 1600 dpi in the x, y, and z axes).
The device was transferred into proprietary software and orientated in the same plane in which it would be worn (ie, the lowest z height) to obtain the optimum build speed. The build took 8 hours to complete. The completed build was postprocessed by using an oven set at 72 C to melt the wax support structure and an oil bath to remove residual wax followed by degreasing to clean the device. This was then trial fitted to the stone models (Fig 16) .
RESULTS
The appliances were fitted on the physical models, and their features were checked and compared with the expectations of conventional appliances. Both appliances built by the AM method had smooth surfaces with no sharp edges that could not be easily dealt with by normal finishing procedures.
With regard to the Andresen, the fit palatally and lingually was satisfactory. Because of the virtual preparation of the models, no areas were positioned in undercuts. The labial bow fitted firmly in the tubes, was quite well connected to the appliance, and was deemed functional. The acrylic guiding channels could be trimmed according to conventional practices to enhance the anterior movement of the mandibular teeth and the posterior movement of the maxillary teeth, and to encourage expansion of the maxillary arch and upward eruption of the mandibular teeth into the corrected occlusion.
The sleep apnea device displayed an excellent fit on the teeth, and on the palatal and gingival tissues.
The hinges allowed free anterior and posterior movements. Some sideways movement was also permitted by the hinges. Further experimentation could reduce this, but there might be an argument in favor of maintaining such movement to allow the device to be myodynamic.
DISCUSSION
The 2 appliances described above could be presented to a clinic for fitting to a patient. These appliances highlight the technical possibilities of using CAD/CAM/AM technologies in dental device designs. Although the techniques are currently slow and expensive, the benefits of introducing digital technologies into other areas of dentistry are well known. The ability to fabricate layer by layer enables features such as inserting wire, producing hinges, and building threads to be made in 1 build without assembly. In orthodontics, this has a potential application in fabricating devices incorporating built expansion screws and Twin-blocks; this is part of ongoing research. Other benefits of using CAD are accurate control of the thickness of the material, producing an even shape when required, and exact positioning of the periphery of the design. Precise measurements can be easily taken as the virtual build progresses or programmed in as the software produces layers. A huge potential advantage is that the techniques could be linked to intraoral scanning; this would help to streamline the process of producing appliances by removing the impression and dental-cast production stages.
CONCLUSIONS
The article indicates that digital technologies can be applied to the fabrication of appliance types not previously considered to be possible. 
